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þ channels are noted for unusually slow activation, fast inactivation, and slow deactivation
kinetics, which tune channel activity to provide vital repolarizing current during later stages of the cardiac action potential. The
bulk of charge movement in human ether-a-go-go-related gene (hERG) is slow, as is return of charge upon repolarization, sug-
gesting that the rates of hERG channel opening and, critically, that of deactivation might be determined by slow voltage sensor
movement, and also by a mode-shift after activation. To test these ideas, we compared the kinetics and voltage dependence of
ionic activation and deactivation with gating charge movement. At 0 mV, gating charge moved ~threefold faster than ionic cur-
rent, which suggests the presence of additional slow transitions downstream of charge movement in the physiological activation
pathway. A significant voltage sensor mode-shift was apparent by 24 ms at þ60 mV in gating currents, and return of charge
closely tracked pore closure after pulses of 100 and 300 ms duration. A deletion of the N-terminus PAS domain, mutation
R4AR5A or the LQT2-causing mutation R56Q gave faster-deactivating channels that displayed an attenuated mode-shift of
charge. This indicates that charge movement is perturbed by N- and C-terminus interactions, and that these domain interactions
stabilize the open state and limit the rate of charge return. We conclude that slow on-gating charge movement can only partly
account for slow hERG ionic activation, and that the rate of pore closure has a limiting role in the slow return of gating charges.INTRODUCTIONThe human ether-a-go-go related gene (hERG) potassium
channel (KV11.1, KCNH2) (1) is found throughout the
body in a variety of excitable and nonexcitable cells and
serves many different functions (2). The most studied role
of hERG channels is its activity during the repolarization
phase of the cardiac action potential, as a rapid delayed
rectifier potassium current (IKr) (3,4) critical to terminating
cardiac systole. Suppression of hERG function can occur as
a result of drug interactions (5) or less commonly from in-
herited mutations. The result of either is a prolongation of
the QT interval on the electrocardiogram, referred to as
acquired or congenital long QT-interval syndrome (hERG
is LQT type 2) (6). This can be associated with serious
cardiac rhythm consequences such as torsades de pointes
(a multifocal ventricular tachycardia) and sudden death
(7). Although hERG current in the heart is named IKr, where
r refers to rapid, this is mainly to distinguish it from IKs
(slow), and in fact the activation and deactivation of
hERG channels is surprisingly slow for a voltage-dependent
potassium (KV) channel, although entirely commensurate
with its physiological role. Furthermore, although the slow
kinetics of IKs arise from the association of the core pore-
forming units with the accessory subunit, KCNE1 (8),
hERG channels are unique in that channel activation andSubmitted November 17, 2014, and accepted for publication February 18,
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0006-3495/15/03/1435/13 $2.00deactivation rates, which are at least an order of magnitude
slower than for KV1-4 channels at potentials around 0 mV
(9–11), are determined by the a-subunit properties alone.
The reasons for slow activation and deactivation of the ionic
current have focused on two linked aspects of channel
function: intrinsic voltage sensor domain (VSD) move-
ments; and VSD-pore coupling that causes the opening of
the pore activation gate.
The rise of the conductance-voltage relationship (GV)
and the appearance of ionic currents mark the opening
of the pore gate and a number of methodologies have
been developed to follow dynamic VSD rearrangements in
hERG channels to compare the voltage dependence and
time course of the two sets of events. Direct measurement
of gating currents is probably the best way to track VSD
movement as it reflects a sum of all the charges moving,
including those in S1–S3 as well as in S4. Earlier studies
from Sanguinetti’s laboratory using oocytes and the cut-
open vaseline gap (COVG) technique established fast and
slow components to the gating current that showed an
overall hyperpolarized charge-voltage (QV) distribution
compared with the GV (12,13). There was an initial spike
of gating current that remains poorly understood, but the
main body of gating current moved quite slowly, ~10 times
slower than gating currents recorded from KV1 channels in
mammalian cells. The rates were not quantified in relation
to the time course of pore opening (12), but the authors
concluded that slow gating charge movement was respon-
sible for the overall slow ionic activation of hERG currents.http://dx.doi.org/10.1016/j.bpj.2015.02.014
1436 Goodchild et al.Recently, we revisited hERG gating currents in measure-
ments from mammalian cells and confirmed a hyperpolar-
ization of the QV compared with the GV, but found that
bulk gating charge movement occurred severalfold faster
than hERG ionic current activation (11,12,14,15). We used
a second methodology, namely methanethiosulfonate modi-
fication of I521C to confirm these two central findings. Our
work suggested that activation steps downstream of VSD
rearrangements provided the major delay to pore opening
in hERG channels.
Due to the difficulties in measuring gating currents from
hERG channels, most of the recent examination of VSD
movement in hERG channels has been carried out by moni-
toring the environmental changes experienced by the amino
acids in the S3–S4 linker using voltage-clamp fluorometry
(VCF). Although it is an easier technique to use, it suffers
from the disadvantage that it records environmental changes
around the rather large fluorophores used to label the VSD,
which may not directly report specific S4 displacement.
Signals are also dependent on the type of fluorophore
used, which highlights intrinsic photochromic properties
that contribute to signal intensity, and the very nature of
such measurements themselves, that cannot exclude the in-
volvement of other adjacent moving elements of the channel
structure. Data from labeling L520C in the S3–S4 linker, or
G516C has shown a quenching time- and voltage-depen-
dence that tracks channel pore opening, closely overlaying
the GV relationship (16–19), suggesting a tight coupling
with essentially no kinetic separation of VSD movement
and pore opening.
Throughout all this work on activation gating and its tem-
poral relationship to pore opening, less attention has been
paid to the process of deactivation, which, as pointed out
previously, is of great physiological importance during the
final repolarization of the cardiac action potential. Deactiva-
tion of hERG has previously been shown to be dependent
upon N- and C-terminus interactions (20), but the question
remains whether these domains interact with the voltage
sensor directly through the pore domain, or via a coupling
mechanism between the pore and VSD. Interestingly, acti-
vation of gating charges upon depolarization typically re-
quires less applied voltage than that required to return the
charge from a depolarized holding potential once channels
are activated (21–24). This results in a hyperpolarized
charge-voltage dependence of deactivation compared with
activation, and is referred to as a mode-shift, i.e., the gating
charges move differently after they have entered into an
activated mode (12,25–28). VCF has been used to investi-
gate a mode-shift of the hERG VSD after prolonged
activation, that appears to be independent of pore closing.
Deletion of the amino terminal PAS domain of hERG accel-
erated ionic deactivation but did not cause a mode-shift of
the VSD measured using fluorescence (27). This led to the
hypothesis that the VSD was intrinsically stabilized in the
activated state and that coupling of the pore to the VSDBiophysical Journal 108(6) 1435–1447was perturbed by the deletion or disruption of the PAS
domain, particularly the positively charged residues in the
PAS-cap, R4 and R5.
In this study we sought to definitively address the
sequence of gating events in hERG activation and deactiva-
tion using the COVG voltage clamp method to record ionic
and gating currents from hERG wild-type (WT) and N-ter-
minal mutant channels (R4AR5A, R56Q, and D2-135) that
have previously been shown to greatly speed deactivation
rates (29–31). Our quantitative analysis of the kinetics of
hERG gating currents unequivocally demonstrates the exis-
tence of a critical coupling step between VSD charge move-
ment and pore opening in activation. Slow VSD movement
is definitely a feature of hERG VSD movement, but a slow
coupling step to pore opening remains the key determinant
of channel opening rate until very positive potentials are
reached. We also found, as has been suggested from fluores-
cence measurements in hERG, that gating currents exhibit a
mode-shift, which has a rapid and physiologically relevant
onset. Contrary to prior fluorescence results (27), we found
that gating currents are regulated by intracellular domain
interactions coupling the pore state to the VSD state.MATERIALS AND METHODS
Oocyte preparation and injection
Stage IV and V Xenopus oocytes were isolated following collagenase
treatment to remove the follicular layer. cRNA was synthesized using the
mMessage mMachine T7 transcription kit (Ambion, Life Technologies,
Burlington, Canada). Oocytes were injected with 10–100 ng cRNA.
hERG-injected oocytes were stored in ND96 (96 mM NaCl, 3 mM KCl,
2 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES at pH 7.4) and incubated
at 18C before use. Ionic current recordings were obtained 1–2 days
following injection, whereas gating current recordings were obtained
3–4 days following injection. There are literature reports that hERG can
be regulated by accessory subunits, but the significance of these studies re-
mains uncertain (32). We did not include other subunits in our experiments,
so our findings can only reflect intrinsic a-subunit properties and regulation.COVG recording
A Dagan CA-1B COVG voltage clamp system (Minneapolis, MN) was
used to record all data (~20C). For ionic recordings, the external solution
was composed of 96 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM MgCl2,
and 5 mM HEPES (pH 7.4). The internal solution contained 120 mM
K-Glutamate and 10 mM HEPES (pH 7.0). For gating current recordings,
the external solution was composed of 120 mM tetraethyl ammonium-hy-
droxide (TEA-OH), 120 mMmethanesulfonic acid (MES), 10 mMHEPES,
and 1 mM Ca-MES (pH 7.4). The internal solution contained 120 mM
TEA-OH, 120 mM MES, and 10 mM HEPES (pH 7.4). All chemicals
were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO). 20
mM terfenadine was added to both internal and external gating current
solutions in a further effort to block any potential residual ionic current
through the hERG pore. Terfenadine is an open channel blocker of hERG
that binds to the inner pore cavity of the channel to prevent ion passage,
and when channels close the terfenadine is trapped in the closed pore
(33). 0.3% saponin for 0.5–2 min was used to make the interior of the
oocytes electrically continuous with the internal solution. For gating current
recordings the membrane was held at ~10 mV for 20 min after
Asymmetry of Charge Movement in hERG 1437breakthrough to ensure depletion of endogenous Kþ ions from the oocyte
cytosol. Electrodes had resistances ~0.5 MU with 3 M KCl for ionic and
3 M CsCl for gating current recordings. The COVG clamp was controlled
with pClamp 10.2 (Molecular Devices, Sunnyvale, CA). Data were analog
low-pass filtered at 5 kHz and digitized at 25–50 kHz. The holding potential
for all experiments was 110 mV. For gating currents, an online P/6 or
P/8 leak subtraction protocol was employed. QV relationships for depo-
larizations >1 s were not obtainable due to instability of the membrane
patch over longer duration recordings.Data analysis
The kinetics of hERG gating charge movement and ionic activation were
measured using voltage protocols that depolarized the membrane to a given
voltage for increasing durations. The peak tail current (IKtail) for ionic cur-
rents and the time integral of gating current (IgOFF), to get gating charge
(QOFF) after membrane repolarization, were then plotted against the dura-
tion of depolarization. The kinetic data were fit with single exponential
functions of the form y ¼ y0 þ A et/t where y is the normalized response,
A is the amplitude, and t is the time constant, or double exponential func-
tions of the form y ¼ y0 þ A1 et/t1 þ A2 et/t2, where A1 and A2 are the
amplitudes of each component of the fit and t1 and t2 the accompanying
time constants. For ionic deactivation currents at voltages where a double
exponential gave the best fit the fast component is quoted and accounted
for >90% of the amplitude of the fit in each case. Isochronal GV relation-
ships were obtained by plotting peak tail currents, and isochronal QV rela-
tionships were obtained by plotting the QOFF, both as a function of the
depolarizing pulse voltage. Isochronal deactivation GV relationships were
assessed by depolarizing the membrane for 300 ms at þ60 mV to open
channels before repolarizing the membrane to potentials from 30 to
150 in 10 mV increments for 100–200 ms to allow channels to deactivate
and then assessing the fraction of channels remaining open by measuring
tail currents at 110 mV. Data points were normalized to their maximum
values then fit with a Boltzmann function of the form y/ymax ¼ 1/
(1þexp(zF/RT(V–V0.5))), where y/ymax is the normalized response, either
G/Gmax or Q/Qmax, V0.5 is the potential of half-activation, and z is the equiv-
alent charge. The voltage dependence of activation and deactivation ki-
netics were fit with a voltage-dependent exponential of the form t ¼ 1/
(b(0 mV)exp(zFV/RT), where b(0 mV) is the chemical rate constant and z
the equivalent charge. F and R have their usual thermodynamic meanings
and T ¼ 293.15 K. Statistical tests were made using Graphpad Prism to
perform one-way analysis of variance with a Dunnett posttest to compare
WT with mutant channel values with a significance level set at P < 0.05.RESULTS
An established phenomenon of VSDs in a variety of channel
types is the separation of the kinetics of charge movement
and pore opening during voltage-dependent gating. Thus,
we expect a displacement of the GV in a depolarized direc-
tion compared with the QV as energy is required to drive
steps in pore opening that occur after voltage sensor
displacement. However, this is not what is suggested for
hERG channels where the delay in opening is directly attrib-
uted to the kinetics of the VSD movement, by both the other
groups to have measured charge movement in hERG
(11,12,14,15), and multiple VCF studies (16,17,19,27). As
well, the kinetic properties of the mode-shift in hERG
gating charge have not been investigated and the phenome-
non has not been shown to operate on a physiologically rele-
vant timescale.Separation of the voltage dependence of the GV
and the QV
To assess the voltage dependence of IgON, the amount of
charge that has moved at the end of 300 ms, a similar dura-
tion to the cardiac action potential, at each voltage was
measured by integrating IgOFF current upon repolarization
as shown by the bracket on the representative traces in
Fig. 1 A. The resulting activation charge-voltage relation-
ship (QONV) is plotted as open circles in Fig. 1 Cwith Boltz-
mann fit parameters of V0.5 ¼ 19.15 1.9 mV, z ¼ 2.05
0.3 (n ¼ 10). Ionic tail current activation, which indicates
the proportion of channels that reached the open state was
assessed using the same voltage protocol (representative
currents in the inset, Fig.1 A) and plotted as the GV
in Fig. 1 C (open squares) and fit with parameters V0.5 ¼
4.15 3.4 mV, z ¼ 2.35 0.3 (n ¼ 4). The QONV relation-
ship is hyperpolarized compared with pore opening, which
suggests that the population of charges are sensing potential
and moving over a more negative voltage range than that
defining pore opening.
Equilibrium measurements require protocols with enough
time for channels to fully relax into new state distributions
after voltage jumps. This has been shown to take significant
amounts of time for hERG at voltages close to the V0.5 due
to the exceedingly slow kinetics of activation and deactiva-
tion at those voltages (34). To establish what proportion of
channels had reached the activated state up to and after
300 ms, where charge movement was initially measured,
tail GVs were plotted from protocols with differing dura-
tions of depolarizations from 24 ms to 3 s from individual
cells. Fig. 1 D shows tail GV relationships normalized to
the maximum tail current amplitude from a 3 s protocol
and illustrates the hyperpolarizing shift in the GV as proto-
cols were run for extended durations. After 300 ms it is
apparent that ~80% of the total population of channels
have reached the fully activated and open state and that
the GV0.5 values of the Boltzmann fits are approaching satu-
rating values that represent equilibrium (Fig. 1 E). Across
the range of durations tested the QV0.5 values show a nega-
tive voltage dependence compared with the GV0.5 indicating
that, within the limits of our experimental durations, there is
a prominent coupling step after movement of charge and the
opening of the pore. This coupling step is more significant at
shorter duration pulses that are relevant on the physiological
timescale of cardiac action potentials, 200–400 ms.hERG gating charges are stabilized in an
activated state
To establish if gating charge in hERG is subject to a mode-
shift after activation, we assessed the voltage dependence of
deactivating charge movement. Channels were first depolar-
ized toþ60 mV for 300 ms to activate channels and then hy-
perpolarized to a range of different voltages (see Fig. 1 B).Biophysical Journal 108(6) 1435–1447
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FIGURE 1 hERG gating charges are stabilized
in the activated state. (A) On-gating currents re-
corded during 300 ms depolarizing voltage pulses
from 110 mV to þ50 mV in 10 mV steps. Inset
shows the voltage protocol and ionic currents for
the same steps. Pulses were applied every 10 s.
Open and solid circles indicate the integration
period for the QON and QOFF, respectively. (B)
Off-gating currents recorded during a range of re-
polarizing steps between 0 and 150 mV, after a
300 ms pulse toþ60 mV to fully activate channels,
as illustrated by the inset protocol. The GVdeact was
generated from the normalized peak currents at the
point indicated by the arrow in the ionic current
inset. (C) Activation QONV relationship (open cir-
cles) measured by integrating IgOFF currents for
150 ms after 300 ms depolarizations, as shown
by bracket in (A), the V0.5 was 19.1 5 1.9 mV,
z ¼ 2.0 5 0.3 (n ¼ 10). Return of charge from
the activated state (QOFFV, solid circles) measured
by integrating IgOFF for 100 ms, the V0.5
was 85.9 5 2.3 mV, z ¼ 2.1 5 0.2 (n ¼ 7).
GV relationship (open squares) measured from
tail currents as in (A) inset, the V0.5 was 4.1 5
1.7 mV, z ¼ 2.3 5 0.2 (n ¼ 4). GVdeact relation-
ship (solid squares) measured from the fraction
of channels that have closed after varying repolar-
izations from the open state as in (B) inset, the V0.5
was 78.15 1.6 (n ¼ 4). (D) Normalized GV re-
lationships from a separate group of experiments in
which GV’s obtained by varying lengths of depola-
rizing pulses were recorded from the same cell. (E)
Plot of the voltage dependence of GV0.5 and QV0.5
values from families of depolarizing pulses with
increasing duration plotted for comparison.
GV fit parameters were as follows: 24 ms V0.5 ¼
83.0 5 3.3 mV, z ¼ 1.0 5 0.02 (n ¼ 5),
100 ms V0.5 ¼ 13.0 5 1.3 mV, z ¼ 1.4 5 0.05 (n ¼ 5), 300 ms V0.5 ¼ 4.1 5 1.7 mV, z ¼ 2.3 5 0.2 (n ¼ 4), 1 s V0.5 ¼ 18.0 5 0.5 mV, z ¼
3.1 5 0.1 (n ¼ 4), 2 s V0.5 ¼ 23.3 5 1.0 mV, z ¼ 3.4 5 0.2 (n ¼ 5), 3 s V0.5 ¼ 25.4 5 1.3 mV, z ¼ 3.6 5 0.2 (n ¼ 5). QONV fit parameters:
100 ms V0.5 ¼ 6.2 5 2.0 mV, z ¼ 1.5 5 0.2 (n ¼ 5), 300 ms V0.5 ¼ 19.1 5 1.9 mV, z ¼ 2.0 5 0.3 (n ¼ 10), 500 ms V0.5 ¼ 20.4 5 1.6 mV,
z ¼ 2.55 0.3 (n ¼ 6), 1 s V0.5 ¼ 25.35 1.4 mV, z ¼ 2.45 0.3 (n ¼ 7).
1438 Goodchild et al.The QOFFV relationship that resulted from integrating cur-
rents displayed a V0.5 of 85.9 5 2.3 mV, z ¼ 2.1 5 0.2
(n ¼ 7) (solid circles, Fig. 1 C), and indicated that more en-
ergy is required to return the charge from the activated po-
sition than to move charge into that position in the first
place. The ionic deactivation GV (inset of Fig. 1 B) dis-
played a V0.5, deact of 78.1 5 1.6 mV, z ¼ 2.7 5 0.1
(n ¼ 4), shown in Fig. 1 C. These observations established
the presence of a mode-shift of hERG charge movement
and pore deactivation.The time course of gating charge movement is
faster than pore opening
To examine the kinetics and sequence of the underlying
voltage-dependent rearrangements that lead to pore open-
ing, we studied the rate at which gating charge moves versus
the rate of pore opening at different voltages. In Fig. 2 A the
top panels illustrate a selection of representative gating cur-Biophysical Journal 108(6) 1435–1447rent traces evoked by increasing duration depolarizing
pulses to 0, þ40, and þ100 mV from a holding potential
of 110 mV. As before, QON during activation was assessed
by integration of IgOFF for 150 ms after the end of the depo-
larizing pulses. This protocol allows for a more accurate
measurement of the kinetics of charge movement than sim-
ply fitting the decay of IgON currents (Fig. 1 A), which have
complex waveforms and can be very slow to decay at mod-
erate depolarizations, and therefore difficult to resolve and
fit. There are two obvious components to the return of
charge on repolarization, which reflect the amount of charge
moved in the prior depolarization, seen in Fig. 2 A. There
was an initial very large and brief negative spike of current
followed by a slower decay of current to the baseline zero
current level. As the depolarization duration was increased,
the initial negative spike amplitude declined and the slow
phase of current decay became more prominent. Eventually,
the size of each component stabilized, and the rate at
which this occurred depended on the amplitude of the
AB
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FIGURE 2 Time course of activation of hERG
reveals a separation between the charge movement
and ionic current activation. (A) Representative
gating current (above) and ionic current (below)
recordings during step depolarizations from a
holding potential of 110 mV to 0 mV (left
panels), þ40 mV (middle panels), and þ100 mV
(right panels). The initial pulse duration was
10 ms for all gating current records, and was incre-
mented by 10 ms for each subsequent cycle. To cap-
ture the activation time course in each case, the
current recording initial pulse duration was 5 ms
and then was incremented in 30 ms steps for
0 and þ20 mV, and 10 ms for þ40, þ60, þ80,
and 100 mV. In the currents shown in (A) only
selected traces are displayed for the increments
stated. The pulse interval in (A) was 5 s for gating
current and at least 1.5 s for ionic current records.
(B) Normalized plots of conductance (squares,
from peak tail currents) or integrals of IgOFF (Qoff,
solid circles) from (A) versus the duration of depola-
rizing steps (log scale). (C) Time constants of single
exponential fits to the Q/Qmax (circles) and G/Gmax
(squares) relations in (B). Data were as follows
for gating charge (ms): 0 mV: 83.68 5 9
(n ¼ 6), þ20 mV: 70.9 5 6.1 (n ¼ 7), þ40 mV:
50.0 5 3.9 (n ¼ 8), þ60 mV: 30.9 5 2.3
(n ¼ 8), þ80 mV: 26.8 5 2.7 (n ¼ 8), þ100 mV:
25.6 5 4.5 (n ¼ 6). For ionic activation current
time constants from delayed single exponential fits
were (ms): 0 mV: 305.5 5 18.1 (n ¼ 5), þ20 mV:
115.3 5 10.4 (n ¼ 5), þ40 mV: 64.8 5 3.5
(n ¼ 5), þ60 mV: 39.9 5 3.6 (n ¼ 6), þ80 mV:
28.4 5 4.1 (n ¼ 5), þ100 mV: 24.7 5 3.1
(n ¼ 4). Straight lines through charge and current
data points are single voltage-dependent exponential
fits between 0 and þ60 mV.
Asymmetry of Charge Movement in hERG 1439depolarization. At 0 mV this process did not appear to be
complete after >300 ms, but at þ40 and þ100 mV the
initial spike of current almost disappeared, and became
absorbed into the slower component as that reached a
stable maximum amplitude, more quickly at þ100 than
at þ40 mV. The same protocol was repeated in ionic
recording solutions on separate cells to obtain the ionic
tail current data shown in the lower panels. As for gating
charge, tail currents increased and tracked pore opening at
a rate that is a function of the activating potential.
To quantify the rates of charge movement and pore open-
ing, the normalized QOFF or peak tail current was plotted
against the duration of the depolarizing pulse and fit with
single exponential functions as shown in Fig. 2 B. The ki-
netics of pore opening deviated from a single exponential
at very early activation times due to the latency to opening
indicating that several closed states must be traversed beforereaching an open state. This is clearly revealed on the loga-
rithmic time scale in Fig. 2 B. To fit the activation of the
ionic currents the fit was started from a point where opening
could be accurately described with a single exponential. For
0 and þ20 mV this was from 35 ms, for þ40 and þ 60 mV
20 ms and þ80 and þ100 mV from 15 ms. Plots of the data
on a log scale clearly illustrate that the bulk of gating charge
is moving before pore opening at moderate voltages, and
that there is a prominent separation of the two relationships
at 0 and þ40 mValmost until the two processes reach equi-
librium (not complete for 0 mV curves). This demonstrates a
clear separation of pore opening from the bulk movement of
charge. As depolarization is increased further, the time
course of charge movement and pore opening become
more closely associated and the two processes begin to over-
lap kinetically after ~30 ms atþ100 mV. The voltage depen-
dence of the time constants over a range of tested voltagesBiophysical Journal 108(6) 1435–1447
1440 Goodchild et al.for gating activation and pore opening is shown in Fig. 2 C.
There is a clear separation of charge movement and ionic
activation in the physiological and supra-physiological
voltage ranges, and both demonstrate single exponential
voltage dependence. At þ80 mV and above, the kinetics
of charge movement and pore opening converge and appear
to saturate at a similar rate, which suggests that opening
speed is becoming limited by the maximum speed of move-
ment of the VSD.Charge becomes stabilized rapidly across
activated states in hERG channels
In Fig. 1 we established a significant mode-shift of hERG
gating charge after just 300 ms at þ60 mV by showing
that the QOFFV was significantly hyperpolarized (V0.5 ¼
85.9 mV) compared with the QONV (V0.5 ¼ 19.1 mV).
Data in Fig. 3 extends this analysis to depolarizations of
100 and 300 ms at þ20 mV (Fig. 3 A) and 24 and 100 ms
pulses at þ60 mV (Fig. 3 B). The QOFF at more hyperpolar-
ized voltages was normalized to the maximum QOFF after
300 ms and plotted against voltage in Fig. 3, C and D. A
striking finding is that even after 24 ms atþ60 mV, although
only ~40% of the total charge has moved and ~20% of chan-
nels will be open (Fig. 1 D), the charge is more resistant toA B
C D
Biophysical Journal 108(6) 1435–1447return and displays a markedly hyperpolarized QOFFV with
a V0.5 of74.15 5.0 mV, and z¼ 1.55 0.2, (n¼ 5). After
100 ms the charge return follows a similar voltage depen-
dence to that seen after 300 ms at þ60 mV with fit param-
eters of V0.5¼79.35 2.4 mV, and z¼ 2.05 0.1, (n¼ 5).
This is consistent with the time constant for the kinetics of
charge movement at þ60 mVof 31 ms (Fig. 2 C), which in-
dicates that after 100 ms ~90% of the charge will have
moved and that the moved charge has mode-shifted and is
resistant to return from the activated state. This is despite
the fact that only ~70% of channels have entered the open
state (Fig. 1 D). Similarly, at þ20 mVafter 100 ms the QOFF
V is hyperpolarized with a V0.5 of73.15 4.0 mV, and z¼
1.75 0.1, (n ¼ 3), despite only ~40% of channels reaching
the open state (Fig. 1 D). After 300 ms the V0.5 is 77.85
0.8 mV, and z ¼ 1.25 0.1, (n ¼ 3). These data suggest that
at physiologically relevant potentials such as þ20 mV the
mode-shift of charge movement is present and can occur
over short periods of time.Ionic current deactivation tracks charge return
The critical question in identifying the physiological role of
the mode-shift is whether or not the stabilization of the
voltage sensor in the activated state can directly rate-limitFIGURE 3 The voltage sensor mode-shift is es-
tablished rapidly in hERG. (A) Representative cur-
rent traces and the voltage protocol used to assess
the voltage dependence of gating charge return
from the activated state after depolarizations of
100 ms and 300 ms to þ20 mV, and in (B) 24 ms
and 100 ms pulses to þ60 mV. (C) Normalized
QOFFV relationships for charge return after depo-
larizations to þ20 mV for 24, 100, and 300 ms.
IgOFF was integrated for 100 ms to obtain QoffV.
After 100 ms at þ20 mV the V0.5 was 73.1 5
4 mV, z ¼ 1.7 5 0.1 (n ¼ 3). At 300 ms the V0.5
was 77.8 5 0.8 mV, z ¼ 1.2 5 0.1 (n ¼ 3).
(D) Normalized QOFFV relationships for charge re-
turn after depolarizations to þ60 mV for 24, 100,
and 300 ms. IgOFF was integrated for 60 ms for
the 24 ms depolarization, and 100 ms for 100
and 300 ms depolarizations. At 24 ms the V0.5
was 74.1 5 4.9 mV, z ¼ 1.5 5 0.2 (n ¼ 5). At
100 ms the V0.5 was 79.3 5 2.4 mV, z ¼
2.0 5 0.1 (n ¼ 5). At 300 ms the V0.5 was
85.95 2.3 mV, z ¼ 2.15 0.2 (n ¼ 5).
Asymmetry of Charge Movement in hERG 1441the gating of the channel as it closes. The delay between
charge movement and pore opening shown in Fig. 2 along
with the negatively placed QV relationship compared with
the GV (Fig. 1 E) implicates additional transitions in their
coupling at most potentials, but it is uncertain how this in-
fluences the process of deactivation. A stabilized charge
configuration in the activated state, if coupled tightly to
the pore, would lead to a slow closure rate for the pore.
To investigate this relationship we compared the voltage
dependence of the rate of charge return with the rate of
pore closure. The same protocols as used in Fig. 3 were
implemented here to open the channels with a pulse
to þ20 mV or þ60 mV for 24, 100, or 300 ms, and then
to close the channels by repolarizing to a range of potentials
(Fig. 4, A and B). The decay phases of tail currents that
represent channel pore closure at different repolarization
voltages were fit with double or single exponential functions
and the dominant time constants plotted in Fig. 4 C (open
symbols). The rate of charge return was measured by the
fit of exponential functions to the slower decaying phase
of IgOFF, to avoid contaminating time constants with the
very fast component of gating charge movement, and
plotted (solid symbols) along with ionic data in Fig. 4 C.
It is clear that after 100 ms and 300 ms for either
the þ20 mVor þ60 mV prepulse there is little distinguish-
able difference between the voltage-dependent rates ofA Bcharge return and ionic current deactivation, which suggests
a close coupling between these two events as the channels
return to their resting states. After a 24 ms depolarization
to þ60 mV, charge returns more quickly than pore closing,
and this is a lot less voltage-dependent. This charge repre-
sents ~40% of the total charge movement (Fig. 3 D), and
it occurs at a time when only ~15% of channels would popu-
late the open state (Fig. 1 D). This separation suggests that a
kinetic barrier to charge return is imposed as the population
of channels reaching the open state increases.N- and C-terminal interactions regulate ionic
deactivation and charge movement
The N- and C-termini of hERG play a pivotal role in the
deactivation gating of the channel, with complete deletions
of the PAS domain (D2135) or the C-terminal CNBHD
typically giving rise to a three- to fourfold increase in deac-
tivation rates. This effect can also be recapitulated by indi-
vidual or combined mutations such as R4A and R5A or the
LQT2-causing mutation R56Q that have been shown to
cause similar increases in the deactivation rate (35,36). To
assess whether the return of gating charge was affected by
perturbations of N- and C-terminus interaction, we tested
three mutant channels: an N-terminal deletion of the entire
PAS domain (D2135); a double mutation in the PAS capFIGURE 4 Comparison of the kinetics of ionic
current deactivation with gating charge return. (A)
Voltage protocol and representative traces showing
ionic current deactivation upon membrane repolar-
ization from a potential of þ20 mV after a period
of 100 or 300 ms, and from þ60 mVafter depolar-
izations of 24, 100, and 300 ms. (B) Plot of time
constants of single exponential fits to ionic (IK,
open symbols) and gating current decays (IgOFF,
solid symbols) upon repolarization after 24, 100,
and 300 ms pulses to þ60 mV.
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1442 Goodchild et al.(R4AR5A); and the LQT2 causing mutation R56Q. The
structural interactions between the PAS domain and the
CNBHD in hERG are not yet determined crystallographi-
cally, but are suggested to be similar to the homologous
mouse EAG channel domains recently resolved in complex
(37) and supported by a recent NMR study of the hERG
channel domains (38). Fig. 5 A shows a homology model
of the hERG cytosolic domain interaction with the PAS
domain R56 residue highlighted, the location of R4A
and R5A residues is not defined as the structure was only
resolved from residue 16. The simplified cartoon in
Fig. 5 B depicts two adjacent subunits of the tetramer with
a schematic of the cytosolic domain organization in relation
to the transmembrane domain. The star symbols indicate the
approximate location of the mutations R56 and R4AR5A in
the PAS-cap that were tested.-140 -120 -100 -80 -60 -40 -20 0 20 40
0.0
0.2
0.4
0.6
0.8
1.0
Activation GV
WT
ΔN
R4AR5A
R56Q
No
rm
al
ize
d
io
ni
c
co
nd
uc
ta
nc
e
V (mV)
Deactivation GV
-160 -150 -140 -130
10
100
Ta
u
Io
ni
c 
de
ac
tiv
at
io
n
(m
s)
ΔN IgOFF
ΔN IKdeact
R4AR5A IgOFF
R4AR5A IKdeact
-150 -140 -130
10
100
Ta
u
Ig
O
FF
(m
s)
V
A 
D 
E 
IO
N
IC
 C
U
R
R
EN
TS
G
AT
IN
G
 C
H
A
R
G
E
B 
C 
-140-120-100 -80 -60 -40 -20 0 20 40
0.0
0.2
0.4
0.6
0.8
1.0
WT
ΔN
R4AR5A
R56Q
V (mV)
QONVQOFFV
F
G
50 ms
50 ms
No
rm
al
ize
d
ga
tin
g 
ch
ar
ge
-150 -140 -130 -120 -110 -100
1
10
Ta
u
IK
de
ac
t
or
Ig
O
FF
 (m
s)
V (mV)
-150 -140 -130 -120 -110 -100
1
10
1
10
R56PAS
CNBHD
E803
-150-140-130 -120 -110 -100
10
100
WT IgOFF
WT IKdeact
Biophysical Journal 108(6) 1435–1447To establish whether charge movement was altered in the
mutant channels, we measured gating and ionic currents us-
ing the same protocols as for WT channels. Fig. 5 C shows
ionic activation and deactivation GV’s for the mutants with
WT for comparison, with the fitted parameters summarized
in Table 1. The mutant activation GV’s were similar to WT,
but themutant deactivationGV’swere depolarized compared
with WT, consistent with a destabilization of open states or a
stabilization of closed states. The deactivation kinetics of the
mutant channels shown in Fig. 5 D display significantly
accelerated kinetics across all voltages compared with WT
(P < 0.05), which suggests a destabilization of the open
states. The voltage range for examining deactivation of
100 to 160 mV covers potentials at which the channel
is closed and thus enables us to isolate the rate constant of
the open to closed transition (b) with minimal contamination*
*
*
-120 -110 -100
V (mV)
R56Q IgOFF
R56Q IKdeact
-120 -110 -100
(mV)
PAS
CNBHD C
AP
N
C
C-Linker
-150 -140 -130 -120 -110 -100
AS
AP
FIGURE 5 N-terminal mutations that accelerate
deactivation reduce the mode-shift of gating
charge. (A) Homology model of hERG PAS and
CNBHD regions based on the mouse EAG
(KV10.1) with R56 residue highlighted and its pu-
tative interacting partner D803. (B) Cartoon sche-
matic of two adjacent subunits of hERG with the
cytosolic domains arranged beneath the channel
illustrating the predicted topology including the
C-linker that is situated between the bottom of S6
and the CNBHD. Stars represent the approximate
locations of the mutations R56Q in the interacting
surface between the PAS domain and the CNBHD
and R4AR5A, which are in a segment that was not
resolved in the crystal structure. (C) Normal-
ized ionic current activation GV’s (solid symbols)
obtained with 300 ms depolarizing pulses and deac-
tivation GV’s (open symbols) obtained with the
same protocol used in Fig 1. (D) Time constants
of ionic current deactivation from fits to tail cur-
rents after a 300 ms depolarization to þ60 mV.
Inset: normalized representative ionic current deac-
tivation traces from a depolarization to 150 mV.
(E) Plot of normalized QONV (solid symbols) and
QOFFV (open symbols). (F) Voltage dependence
of the time constants for gating charge return. Inset:
normalized representative IgOFF traces at150 mV
for WT and mutant channels and separate traces
showing gating at 150 mV (black) compared
with ionic deactivation normalized to peak tail
current adjusted for recovery from inactivation
(turquoise). (G) Comparison of the voltage depen-
dence of the time constants for gating charge return
and ionic deactivation for each mutant channel.
Example traces and fits are shown in Fig. S1 in
the Supporting Material. To see this figure in color,
go online.
TABLE 1 Activation and deactivation GV, QONV, and QOFFV Boltzmann fit parameters for WT and mutant channels
Activation GV Deactivation GV QONV QOFFV
V0.5 z N V0.5 z N V0.5 z N V0.5 z N
WT 4.135 3.36 2.305 0.35 4 78.115 1.62 2.725 0.11 4 16.645 3.35 1.675 0.07 5 85.885 2.32 2.115 0.2 7
DN 2.265 0.91 3.385 0.09 7 30.15 1.85 3.415 0.13 7 21.185 1.74 2.395 0.25 7 55.485 2.01 2.315 0.35 5
R4AR5A 5.775 1.62 2.895 0.1 10 33.55 1.79 3.165 0.11 8 16.935 1.89 2.225 0.32 9 57.445 3.10 2.865 0.41 8
R56Q 3.395 0.39 3.095 0.06 7 44.25 0.39 2.815 0.08 6 20.495 1.89 1.805 0.19 7 60.865 1.74 2.475 0.24 7
The activation and deactivation GVs were collected using the protocols shown in Fig. 5 C and the QONV and QOFFV data using the protocols as for data in
Fig. 5 E.
Asymmetry of Charge Movement in hERG 1443from closed to open transitions (a). The chemical rate con-
stant and voltage dependence of this transition was deter-
mined by fitting the mean data with a voltage-dependent
single exponential function, which gave values for WT of
b0 ¼ 1.3 ms1, z ¼ 0.69; DN b0 ¼ 11.4 ms1, z ¼
0.54; R4AR5A b0 ¼ 7.65 ms1, z ¼ 0.56; R56Q b0 ¼
5.2 ms1, z ¼ 0.58. The acceleration of deactivation fol-
lowed the order DN > R4AR5A > R56Q, which indicated
that the total deletion had the most severe phenotype, fol-
lowed by the PAS-cap neutralization, and then the LQT2
mutation R56Q. The equivalent charge, z, remained similar
across all the channels suggesting that the voltage depen-
dence of the transition had not been perturbed by the muta-
tions. In Fig. 5 E the QONV and QOFFV data are displayed
for the mutant channels compared with WT. The QONV rela-
tionships were unchanged from WT suggesting that the mu-
tations have little effect on the voltage-dependent movement
of charge during activation (fitted parameters in Table 1). The
mutant QOFFV relationships were right shifted compared
with WT, which indicates an attenuation of the mode-shift
of the charge in these mutant channels, but importantly,
the shifts were entirely commensurate with the changes in
deactivation GVs (Fig. 5 C).
Fig. 5 F illustrates that the mutant channels had signifi-
cantly accelerated rates of charge return across all voltages.
The chemical rate constants and voltage dependence of
these transitions for WT were: b0 ¼ 1.0 ms1, z ¼ 0.8;
for DN b0 ¼ 4.8 ms1, z ¼ 0.7; for R4AR5A b0 ¼
4.3 ms1, z ¼ 0.7; and for R56Q b0 ¼ 3.5 ms1, z ¼
0.7. These data suggest that mutations that disrupt the
N- and C-terminus interactions lead to the destabilization
of the open state, and also to a destabilization of the acti-
vated state of the VSD as illustrated by the increased b0 rates
and right shifted QOFFV for the mutants compared with the
WT. In Fig. 5 G the effects on the kinetics of QOFF are
directly compared with ionic deactivation and show that
charge return tracks pore closure closely, although there is
some divergence at voltages >110 mV where the charge
movement itself is intrinsically rate limited and becomes
less tightly coupled to the pore.DISCUSSION
This study has established the temporal sequence of gating
events in hERG activation and deactivation by quantita-tively comparing the time course and voltage dependence
of charge movement and pore gating using equivalent
protocols.Sequence of events during hERG activation and
pore opening
The first important finding of our kinetic study on bulk
gating charge movement during opening is that over physi-
ological voltages and timescales the VSD movements and
pore opening are significantly separated, by ~20 mV and
an order of magnitude in time at 0 mV. Longer duration
QV relationships of 500 ms and 1 s also displayed a hyper-
polarized voltage dependence of charge movement to pore
conductance indicating the continued presence of the
coupling step pivotal to controlling the increase in channel
open probability (Fig. 1 E). The kinetic relationship between
gating charge movements and pore activation over time on a
logarithmic scale clearly illustrated the ionic current latency
to opening indicative of the presence of several closed states
that have to be traversed before opening (39). However, the
bulk of gating charge movement was well fit with a single
exponential and started moving without a delay, which sug-
gests that transitions through closed states that carry signif-
icant charge occurred before pore opening (Fig. 2 B). This
was reinforced by the large temporal separation of charge
movement from pore opening at voltages below þ80 mV
that implicates a further downstream transition which is
key to the opening of the channel, and may represent the
specific electromechanical coupling of S4 rearrangements
to the S6 pore gate in hERG.
Prior VCF studies with ionic currents have reported con-
flicting data on the kinetic separation between VSD move-
ment and pore opening steps in activation that we have
established here. Data from our lab from E518C did show
kinetic separation (10), whereas data from others using
L520C, E518C and G516C did not (16,17,19,27). Possible
issues include the incorporation of cysteine residues at sen-
sitive sites on S3 or S4, and/or the detection of other events
by the fluorophores than purely S4 movement. But, a more
likely explanation of the differences is that comparisons are
often made between nonequivalent and nonequilibrium
GV and fluorescence-voltage (FV) curves recorded from
different pulse durations, which display close V0.5 values
and falsely lead to the conclusion that the kinetics of chargeBiophysical Journal 108(6) 1435–1447
1444 Goodchild et al.movement and pore opening are also similar. For example,
in a recent study comparing VCF signals and gating currents
the FV and QV data were found to have similar V0.5 values
but the protocols used were not isochronal and a longer
duration FV protocol (2 s) was compared with a short
(100 ms) QV protocol (19). As we have shown (Fig. 1 E)
100 ms is not sufficient to approach equilibrium, and the
QV curve shifts left if the duration is extended, which would
lead to a separation of the FV and QV relationships, consis-
tent with our data.
The convergence of the kinetics of charge movement and
pore opening to a saturating rate at potentials >þ60 mV
suggests the presence of a relatively weak or voltage inde-
pendent step in the activation pathway becoming dominant
(Fig. 2 C). A voltage independent step between closed
states has been identified as required to represent hERG
activation in kinetic models (39), and here we demonstrate
that charge movement also approaches a saturating rate.
This may reflect two potential underlying mechanisms: a
fundamental limit to the speed at which the voltage sensor
can move during a certain transition (i.e., the charge cannot
rearrange any quicker) or the presence of a voltage-inde-
pendent transition upstream to the bulk of charge move-
ment that becomes rate-limiting at positive potentials and
prevents the subsequent charge movement from proceeding
any faster.Asymmetry of gating charge movement in hERG
We have also characterized the presence of an asymmetry in
gating charge movement, also known as mode-shift, and
found that the process occurs rapidly enough to be relevant
on the timescale of cardiac action potentials. To examine the
coupling between the voltage sensor and pore during deac-
tivation we measured currents from channels harboring
N-terminal mutations that increase the deactivation rate of
the channel and found that gating currents followed the
increased rate of pore closure and reduced the magnitude
of the mode-shift illustrated by a depolarizing shift of the
QOFFV (Fig. 5 E). We propose that the mode-shift results
at least in part from the stabilization of the open state of
the channel imposed by interactions between the N- and
C-terminus of the channel and that the rate limiting step
in channel deactivation at negative voltages may be attrib-
uted to the closure of the open pore.
A hyperpolarizing shift of the QV has previously been
reported in hERG channels when charge movement was re-
corded from a holding potential of 0 mV (12), which sug-
gested the presence of a mode-shift. However, at the time
the concept of mode-shifting was not appreciated, and due
to the sustained holding potential it was not clear if the shift
had occurred over an extended duration of seconds or mi-
nutes, representing a form of voltage sensor relaxation
(40), or perhaps a shorter timescale that was relevant to
the physiology of the channel. More recently, fluorescenceBiophysical Journal 108(6) 1435–1447reports of the voltage dependence of hERG deactivation
from labeling residue E518C at the top of S4 have been re-
ported to display a hyperpolarizing shift in the FV relation-
ship compared with the voltage dependence of activation
(27). This lent further support to the hypothesis that hERG
might mode-shift between activation and deactivation
gating. Building on these observations, we first sought to
establish if the gating charge in hERG underwent a mode-
shift on timescales that more closely resembled that seen
in the heart during systole (Fig. 1). After 300 ms, the QOFFV
was hyperpolarized by ~70 mV compared to the QONV rela-
tionship, which indicates the relative stabilization of the
activated charges compared with the charges at rest, and is
indicative of a mode-shift of hERG gating elements.The mechanistic basis for the mode-shift and
slow deactivation in hERG channels
Several KV1, NaV, and HCN channels, and even the poreless
voltage-sensing phosphatase ciVSP (41–43), have been
shown to exhibit asymmetry in charge movement where
movement of charge upon depolarization associated with
activation requires less of an applied voltage gradient than
that needed to return the charge from the activated state
back to rest. The ubiquitous nature of this phenomenon in
voltage-dependent transmembrane proteins suggests that
it is a fundamental feature of voltage sensing domains,
although the mechanism by which the effect is induced
shows considerable diversity. Proposed mechanisms for
the relative stabilization of the activated charge include an
increased open pore stability that slows voltage sensor re-
turn, which may result from both intrinsic and allosteric ef-
fects of intracellular ions in the cavity (24,44–47) or N-type
inactivation particles (48), C-type inactivation that induces
a pore structural rearrangement stabilizing the activated
voltage sensor (21,22), and finally a fundamental structural
reconfiguration of the voltage sensor that causes it to relax in
the activated state (43,49). Mode-shifts have been observed
to occur over a broad range of timescales, which track either
opening of the pore (milliseconds), entry into an inactivated
state (hundreds of milliseconds), or intrinsic voltage sensor
relaxation (seconds). hERG inactivates rapidly and is
voltage dependent, which raises the question of whether
inactivation is causing the mode-shift. However, TEA-
containing external solutions are known to inhibit hERG
channel inactivation (50), making that possibility less likely
in our experiments. Additional support for the proposition
that inactivation is not required for the mode-shift in
hERG comes from a noninactivating mutant, S620T, which
also displays a hyperpolarized QV from a holding potential
of 0 mV (12). It is, however, possible that both of these
mechanisms of inhibiting inactivation may only be affecting
a late step in inactivation and not perturb an earlier confor-
mational change associated with inactivation that induces a
mode-shift.
Asymmetry of Charge Movement in hERG 1445Effects of cross talk between the pore and VSD on
the mode-shift
The effects of the pore structure on the VSD during our
gating current measurements must be considered, as the
two systems are coupled and canonical sequential gating
models of KV channel gating assert that the voltage sensors
do not return to rest while the open pore holds the sensors in
an activated position (51). The pore can be stabilized extrin-
sically by intracellular ions (47) as well as intrinsically by
structural interactions exclusive to the open state, but in
hERG channels it has not yet been established whether
either of these mechanisms affect VSD movement. The
use of TEA internal solutions raises the possibility that
TEA ions might be interacting with the inner pore to stabi-
lize the open state, a phenomenon that is established in KV1
channels (24). In hERG this is unlikely because deactivation
of ionic current in hERG tracks gating charge return after
sufficient time to open the majority of channels (100 and
300 ms, Fig. 4 B), in the absence of TEA. If the pore was
propped open by TEA via a foot in the door mechanism
we would expect to see a slower rate of gating charge return
than ionic deactivation in these experiments.
The question then arises whether the slow deactivation of
hERG current is determined by the intrinsic voltage sensor
kinetics, or if the open pore state is structurally stabilized
to slow charge return. In contrast to longer pulses, we found
that after a short 24 ms depolarization the bulk of charge
return was faster than ionic current deactivation (Fig. 4 B),
even though the charge had undergone a mode-shift
(Fig. 3 B). This indicates an intrinsic property to the voltage
sensor in transitions between closed states that contributes
to the mode-shift but does not lead to the full slowing effect
on deactivation seen with longer pulses of 100 ms or longer
where synchronization of charge return and ionic deactiva-
tion rates occurs. This can be explained by the majority of
channels not having transitioned out of deeper closed states
at 24 ms such that a significant portion of the charge can re-
turn more rapidly than after transitioning into later preopen
closed states and open states.N- and C-terminus interactions contribute
significantly to charge mode-shift
Loads might be placed upon the sensor from other structur-
ally coupled elements, given several large differences in
hERG channel topology compared with KV1 channels,
which result from hERG’s closer relationship with EAG
and CNG channels. The N-terminus EAG domain contains
a PAS domain and PAS-cap structure, which in other pro-
teins has been shown to act as a signal sensor for a variety
of stimuli (52). The C-terminus contains a CNBHD con-
nected to the base of S6 through a C-linker region, and a
recent crystal structure of the mouse EAG N- and C-termini
in complex indicates that the PAS and CNBHD domains arestructurally interacting to regulate channel gating kinetics
(37). It has previously been reported, using VCF to track
S4 rearrangements, that deletion of the PAS domain acceler-
ated ionic deactivation but did not cause a mode-shift of the
FV. This led to the hypothesis that the VSD was intrinsically
stabilized in the activated state and that coupling of the pore
to the VSD was perturbed by the deletion or disruption of
the PAS domain, particularly the positively charged residues
in the PAS-cap R4 and R5 (27). Our studies, directly
recording the movement of gating charges in the membrane
on the comparable mutant channel R4AR5A as well as the
LQT2 mutant R56Q, do not support the VCF studies.
The gating current recordings from PAS domain deleted
or the mutant R4AR5A and R56Q channels displayed an
attenuated mode-shift, indicated by the right shift of the
QOFFV relationship of the mutant compared with WT
(Fig. 5). In the mutant channels the kinetics of gating charge
return was accelerated to a similar degree as ionic deactiva-
tion across the voltage range tested. This suggests that these
mutations all have the effect of destabilizing the activated
charge as well as the open pore. This suggests that pore
closure is rate limiting the return of the charge at negative
potentials. Interestingly, at potentials >110 mV the gating
charge return starts to lag behind the pore closure in the
mutant channels, particularly DN (Fig. 5 G), which suggests
that there is some decoupling of the pore gate from the
charge movement in the mutants at moderate potentials.
These findings suggest that the pore state contributes to
the mode-shift of charge and support the notion that N-
and C-terminus interactions stabilize the open pore and
place a load on the VSD through the pore.
Several structural interactions have been proposed to
couple the N- and C-terminus and are therefore potential
molecular determinants of the mode-shift. The PAS domain
interacts with the CNBHD with high affinity, and the muta-
tion R56Q leads to a weakening of the noncovalent interac-
tion binding the domains together and has the effect of
increasing deactivation rates (37,53). A recent mutant cycle
analysis of putative interacting residues between these
regions confirms the structural studies indication that R56
forms a salt bridge with E803 (54). In addition, this study
also suggested that R4 and R5 in the PAS-cap form transient
interactions with residues E698 and E699 in the C-linker,
which provides a possible mechanism by which the tight
interaction of the PAS and CNBHD couples to S6 where
the pore gate is located. Experiments using concatenated
hERG subunits demonstrate that the slow deactivation can
be disrupted by R56Q or R4AR5A mutations in a single
subunit to the same degree as in all subunits suggesting
that the stabilization of the open pore by these structures
is controlled by a concerted fully cooperative interaction
(36). Fluorescence resonance energy transfer (FRET) exper-
iments have established that tetrameric arrangement of the
PAS and CNBHD exhibit a domain swapped arrangement
where the PAS from one subunit interacts with the CNBHDBiophysical Journal 108(6) 1435–1447
1446 Goodchild et al.from the neighboring subunit (55) and it has been proposed
that these domains might interact to form a gating ring remi-
niscent of the homologous HCN channel (37). Considering
these studies lead to a model in which the strong interactions
between PAS/CNBHD in the gating ring are coupled via the
R4R5 PAS-cap domain residues to the C-Linker, which
would stabilize the open pore and thus allosterically stabi-
lize the activated voltage sensor.CONCLUSIONS
In summary, our data have uncovered, to our knowledge,
several new features of the coupling mechanism of voltage
sensing to pore opening in hERG that enable slow gating.
We first showed definitively that the rate of activation of
hERG at physiological voltages is not controlled exclusively
by the slower rearrangement of the bulk of gating charge, but a
further delay is imposed by a coupling step that increases the
time to pore opening. Furthermore, we showed that themode-
shift of charge, previously thought to be a property intrinsic to
the VSD, is actually regulated by cytosolic domain interac-
tions unique to hERG channels that control open-state stabil-
ity (as illustrated in schematic form in Fig. S2). These results
suggest that, in hERG channels, VSD function involves inter-
actions with disparate structural elements that confer the
necessary kinetic properties for its role in repolarization.SUPPORTING MATERIAL
Two figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(15)00177-0.AUTHOR CONTRIBUTIONS
S.G. and D.F. conceived and designed the experiments and project. L.M.
and S.G. performed and analyzed all the electrophysiology experiments.
D.F., S.G., and L.M. wrote the manuscript.ACKNOWLEDGMENTS
We thank Dr. Ying Dou and Yue Wu for help with the isolation and prepa-
ration of oocytes.
This work was supported by the Heart and Stroke Foundation of British
Columbia and Yukon and Canadian Institutes for Health Research grants
to D.F. S.J.G. held postdoctoral fellowship awards from the Heart and
Stroke Foundation of Canada and the Mitacs Elevate program during the
course of this study.REFERENCES
1. Warmke, J. W., and B. Ganetzky. 1994. A family of potassium channel
genes related to eag inDrosophila and mammals. Proc. Natl. Acad. Sci.
USA. 91:3438–3442.
2. Wymore, R. S., G. A. Gintant,., I. S. Cohen. 1997. Tissue and species
distribution of mRNA for the IKr-like Kþ channel, erg. Circ. Res.
80:261–268.Biophysical Journal 108(6) 1435–14473. Sanguinetti, M. C., C. Jiang, ., M. T. Keating. 1995. A mechanistic
link between an inherited and an acquired cardiac arrhythmia: HERG
encodes the IKr potassium channel. Cell. 81:299–307.
4. Trudeau, M. C., J. W. Warmke, ., G. A. Robertson. 1995. HERG, a
human inward rectifier in the voltage-gated potassium channel family.
Science. 269:92–95.
5. Yang, P., H. Kanki,., D. M. Roden. 2002. Allelic variants in long-QT
disease genes in patients with drug-associated torsades de pointes.
Circulation. 105:1943–1948.
6. Sanguinetti, M. C., and M. Tristani-Firouzi. 2006. hERG potassium
channels and cardiac arrhythmia. Nature. 440:463–469.
7. January, C. T., Q. Gong, and Z. Zhou. 2000. Long QT syndrome:
cellular basis and arrhythmia mechanism in LQT2. J. Cardiovasc.
Electrophysiol. 11:1413–1418.
8. Sanguinetti, M. C., M. E. Curran,., M. T. Keating. 1996. Coassembly
of K(V)LQT1 and minK (IsK) proteins to form cardiac I(Ks) potassium
channel. Nature. 384:80–83.
9. Sanguinetti, M. C., and N. K. Jurkiewicz. 1991. Delayed rectifier
outward Kþ current is composed of two currents in guinea pig atrial
cells. Am. J. Physiol. 260:H393–H399.
10. Es-Salah-Lamoureux, Z., R. Fougere, ., D. Fedida. 2010. Fluores-
cence-tracking of activation gating in human ERG channels reveals
rapid S4 movement and slow pore opening. PLoS ONE. 5:e10876.
11. Goodchild, S. J., and D. Fedida. 2014. Gating charge movement pre-
cedes ionic current activation in hERG channels. Channels (Austin).
8:84–89.
12. Piper, D. R., A. Varghese, ., M. Tristani-Firouzi. 2003. Gating cur-
rents associated with intramembrane charge displacement in HERG
potassium channels. Proc. Natl. Acad. Sci. USA. 100:10534–10539.
13. Piper, D. R., M. C. Sanguinetti, and M. Tristani-Firouzi. 2005. Voltage
sensor movement in the hERG Kþ channel. Novartis Found. Symp.
266:46–52, discussion 52–56, 95–99.
14. Ferrer, T., J. Rupp, ., M. Tristani-Firouzi. 2006. The S4-S5 linker
directly couples voltage sensor movement to the activation gate in
the human ether-a’-go-go-related gene (hERG) Kþ channel. J. Biol.
Chem. 281:12858–12864.
15. Wang, Z., Y. Dou, ., D. Fedida. 2013. Components of gating charge
movement and S4 voltage-sensor exposure during activation of
hERG channels. J. Gen. Physiol. 141:431–443.
16. Smith, P. L., and G. Yellen. 2002. Fast and slow voltage sensor move-
ments in HERG potassium channels. J. Gen. Physiol. 119:275–293.
17. Van Slyke, A. C., S. Rezazadeh, ., T. W. Claydon. 2010. Mutations
within the S4-S5 linker alter voltage sensor constraints in hERG Kþ
channels. Biophys. J. 99:2841–2852.
18. Cheng, Y. M., and T. W. Claydon. 2012. Voltage-dependent gating of
HERG potassium channels. Front Pharmacol. 3:83.
19. Thouta, S., S. Sokolov, ., T. W. Claydon. 2014. Proline scan of the
HERG channel S6 helix reveals the location of the intracellular pore
gate. Biophys. J. 106:1057–1069.
20. Morais Cabral, J. H., A. Lee,., R. Mackinnon. 1998. Crystal structure
and functional analysis of the HERG potassium channel N-terminus: a
eukaryotic PAS domain. Cell. 95:649–655.
21. Fedida, D., R. Bouchard, and F. S. P. Chen. 1996. Slow gating charge
immobilization in the human potassium channel Kv1.5 and its preven-
tion by 4-aminopyridine. J. Physiol. 494:377–387.
22. Olcese, R., R. Latorre,., E. Stefani. 1997. Correlation between charge
movement and ionic current during slow inactivation in Shaker Kþ
channels. J. Gen. Physiol. 110:579–589.
23. Bezanilla, F. 2000. The voltage sensor in voltage-dependent ion chan-
nels. Physiol. Rev. 80:555–592.
24. Goodchild, S. J., H. Xu,., D. Fedida. 2012. Basis for allosteric open-
state stabilization of voltage-gated potassium channels by intracellular
cations. J. Gen. Physiol. 140:495–511.
Asymmetry of Charge Movement in hERG 144725. Blunck, R., and Z. Batulan. 2012. Mechanism of electromechanical
coupling in voltage-gated potassium channels. Front Pharmacol.
3:166.
26. Haddad, G. A., and R. Blunck. 2011. Mode shift of the voltage sensors
in Shaker Kþ channels is caused by energetic coupling to the pore
domain. J. Gen. Physiol. 137:455–472.
27. Tan, P. S., M. D. Perry, ., A. P. Hill. 2012. Voltage-sensing domain
mode shift is coupled to the activation gate by the N-terminal tail of
hERG channels. J. Gen. Physiol. 140:293–306.
28. Hull, C. M., S. Sokolov,., T. W. Claydon. 2014. Regional flexibility
in the S4-S5 linker regulates hERG channel closed-state stabilization.
Pflugers Arch. 466:1911–1919.
29. Chen, J., A. Zou, ., M. C. Sanguinetti. 1999. Long QT syndrome-
associated mutations in the Per-Arnt-Sim (PAS) domain of HERG
potassium channels accelerate channel deactivation. J. Biol. Chem.
274:10113–10118.
30. Scho¨nherr, R., and S. H. Heinemann. 1996. Molecular determinants
for activation and inactivation of HERG, a human inward rectifier
potassium channel. J. Physiol. 493:635–642.
31. Muskett, F. W., S. Thouta, ., J. S. Mitcheson. 2011. Mechanistic
insight into human ether-a`-go-go-related gene (hERG) Kþ channel
deactivation gating from the solution structure of the EAG domain.
J. Biol. Chem. 286:6184–6191.
32. Eldstrom, J., and D. Fedida. 2011. The voltage-gated channel accessory
protein KCNE2: multiple ion channel partners, multiple ways to long
QT syndrome. Expert Rev. Mol. Med. 13:e38.
33. Mitcheson, J. S., J. Chen, ., M. C. Sanguinetti. 2000. A structural
basis for drug-induced long QT syndrome. Proc. Natl. Acad. Sci.
USA. 97:12329–12333.
34. Scho¨nherr, R., B. Rosati, ., E. Wanke. 1999. Functional role of
the slow activation property of ERG Kþ channels. Eur. J. Neurosci.
11:753–760.
35. Gustina, A. S., and M. C. Trudeau. 2009. A recombinant N-terminal
domain fully restores deactivation gating in N-truncated and long QT
syndrome mutant hERG potassium channels. Proc. Natl. Acad. Sci.
USA. 106:13082–13087.
36. Thomson, S. J., A. Hansen, and M. C. Sanguinetti. 2014. Concerted all-
or-none subunit interactions mediate slow deactivation of human ether-
a`-go-go-related gene Kþ channels. J. Biol. Chem. 289:23428–23436.
37. Haitin, Y., A. E. Carlson, and W. N. Zagotta. 2013. The structural
mechanism of KCNH-channel regulation by the eag domain. Nature.
501:444–448.
38. Li, Q., H. Q. Ng, ., C. Kang. 2014. Insight into the molecular inter-
action between the cyclic nucleotide-binding homology domain and
the eag domain of the hERG channel. FEBS Lett. 588:2782–2788.
39. Wang, S., S. Liu,., R. L. Rasmusson. 1997. A quantitative analysis of
the activation and inactivation kinetics of HERG expressed in Xenopus
oocytes. J. Physiol. 502:45–60.40. Bezanilla, F., R. E. Taylor, and J. M. Ferna´ndez. 1982. Distribution and
kinetics of membrane dielectric polarization. 1. Long-term inactivation
of gating currents. J. Gen. Physiol. 79:21–40.
41. Arrigoni, C., I. Schroeder, ., A. Moroni. 2013. The voltage-sensing
domain of a phosphatase gates the pore of a potassium channel.
J. Gen. Physiol. 141:389–395.
42. Wicks, N. L., K. S. Chan, ., E. C. Young. 2009. Sensitivity of HCN
channel deactivation to cAMP is amplified by an S4 mutation com-
bined with activation mode shift. Pflugers Arch. 458:877–889.
43. Villalba-Galea, C. A., W. Sandtner, ., F. Bezanilla. 2008. S4-based
voltage sensors have three major conformations. Proc. Natl. Acad.
Sci. USA. 105:17600–17607.
44. Melishchuk, A., and C. M. Armstrong. 2001. Mechanism underlying
slow kinetics of the OFF gating current in Shaker potassium channel.
Biophys. J. 80:2167–2175.
45. Chen, F. S., D. Steele, and D. Fedida. 1997. Allosteric effects of
permeating cations on gating currents during Kþ channel deactivation.
J. Gen. Physiol. 110:87–100.
46. French, R. J., and R. K. Finol-Urdaneta. 2012. Open-state stabilization
in Kv channels: voltage-sensor relaxation and pore propping by a
bound ion. J. Gen. Physiol. 140:463–467.
47. Goodchild, S. J., and D. Fedida. 2012. Contributions of intracellular
ions to kv channel voltage sensor dynamics. Front Pharmacol. 3:114.
48. Perozo, E., D. M. Papazian,., F. Bezanilla. 1992. Gating currents in
Shaker Kþ channels. Implications for activation and inactivation
models. Biophys. J. 62:160–168, discussion 169–171.
49. Priest, M. F., J. J. Lacroix,., F. Bezanilla. 2013. S3-S4 linker length
modulates the relaxed state of a voltage-gated potassium channel.
Biophys. J. 105:2312–2322.
50. Smith, P. L., T. Baukrowitz, and G. Yellen. 1996. The inward rectifica-
tion mechanism of the HERG cardiac potassium channel. Nature.
379:833–836.
51. Varga, Z., M. D. Rayner, and J. G. Starkus. 2002. Cations affect the rate
of gating charge recovery in wild-type and W434F Shaker channels
through a variety of mechanisms. J. Gen. Physiol. 119:467–485.
52. Gustina, A. S., and M. C. Trudeau. 2012. HERG potassium channel
regulation by the N-terminal eag domain. Cell. Signal. 24:1592–1598.
53. Gustina, A. S., and M. C. Trudeau. 2011. hERG potassium channel
gating is mediated by N- and C-terminal region interactions. J. Gen.
Physiol. 137:315–325.
54. Ng, C. A., K. Phan, ., M. D. Perry. 2014. Multiple interactions
between cytoplasmic domains regulate slow deactivation of Kv11.1
channels. J. Biol. Chem. 289:25822–25832.
55. Gianulis, E. C., Q. Liu, and M. C. Trudeau. 2013. Direct interaction of
eag domains and cyclic nucleotide-binding homology domains regulate
deactivation gating in hERG channels. J. Gen. Physiol. 142:351–366.Biophysical Journal 108(6) 1435–1447
